Plastic deformation in nanoscale multilayered structures is thought to proceed by the successive propagation of single dislocation loops at the interfaces. Based on this view, we simulate the effect of predeposited interfacial dislocation on the stress ͑channeling stress͒ needed to propagate a new loop parallel to existing loops. Single interfacial dislocations as well as finite parallel arrays are considered in the computation. When the gliding dislocation and the predeposited interfacial array have collinear Burgers vectors, the channeling stress increases monotonically as the density of dislocations in the array increases. In the case when their Burgers vectors are inclined at 60°, a regime of perfect plasticity is observed which can be traced back to an instability in the flow stress arising from the interaction between the glide dislocation and a single interfacial dislocation dipole. This interaction leads to a tendency for dislocations of alternating Burgers vectors to propagate during deformation leading to nonuniform arrays. Inclusion of these parallel interactions in the analysis improves the strength predictions as compared with the measured strength of a Cu-Ni multilayered system in the regime where isolated glide dislocation motion controls flow, but does not help to explain the observed strength saturation when the individual layer thickness is in the few nanometer range.
I. INTRODUCTION
The primary plasticity mechanism in nanoscale multilayered structures is the well-known channeling of dislocation loops confined within individual layers, resulting in the familiar hairpin dislocation configuration. In contrast to microscale layers, where multiple dislocation pileups at the interfaces are possible, only single dislocations are thought to be present in the case of nanoscale layers. Consequently, deformation under this condition proceeds by the successive propagation of single dislocation loops, 1 Fig. 1 . This unique deformation pattern results in a more uniform dislocation distribution in nanoscale layers, which leads to improved ductility [2] [3] [4] and fatigue resistance [5] [6] [7] [8] because of the suppression of both strain localization and cell structure formation within the layers. 9 Furthermore, multilayered laminates exhibit both ultra high strength, reaching a factor of 1/3-1/2 of the theoretical strength of the constituents, 10, 11 and morphological stability, even at high temperatures, 12 making them uniquely multifunctional materials. Nevertheless, many aspects of deformation in these structures are not well understood. The nature of dislocation mechanisms and their interactions among each other and with interfaces, including nucleation, recovery, and interface crossing are not clear, let alone their implications to the overall strength and work hardening. A full understanding of the observed dependence of strength on individual layer thickness, particularly the saturation of the strengthening at thicknesses of few nanometers, remains elusive. In a previous article, 13 we employed dislocation dynamics ͑DD͒ analysis to investigate how interactions between channeling dislocations and orthogonal predeposited interfacial dislocations affect the strength and dislocation structure in nanoscale multilayers. Here, we examine the effect of predeposited parallel dislocations on the strength and the nature of dislocation evolution in nanoscale multilayers. The framework for the calculation of the channeling stress of an isolated loop was presented by Matthews et al. 14, 15 Their main interest was the determination of the critical film thickness below which an epilayer is coherent with its substrate with no dislocation generation. The same analysis can be used to calculate the critical stress required to propagate a dislocation for a given layer thickness. The una͒ Electronic mail: fakasheh@mail.wsu.edu FIG. 1. Single dislocation pileups in an embedded strained nanoscale layer. Deformation proceeds by the successive channeling of threading dislocations confined to the layer resulting in the hairpin configuration. In the process, the trailing arms are deposited at the intersection between the layer walls and the slip plane.
derlying concept involves the balance between the force from the applied stress, tending to propagate a threading dislocation along its glide plane, Fig. 1 , and the impeding forces arising from the line tension of the newly created dislocation and from lattice friction. This results in the ln͑h͒ / h dependence of the channeling stress on the layer thickness, h, better known as Orowan strengthening. An essentially equivalent energy argument leading to the same result has also been employed by several researchers. [16] [17] [18] The energy approach is more versatile, allowing further refinement of the model. For example, other sources of resistance to dislocation propagation like surface steps, 19, 20 interactions with intersecting interfacial dislocations, 21, 22 and the effect of square networks of interfacial dislocation arrays [23] [24] [25] [26] [27] can be included readily in the analysis.
The interaction of threading dislocations with parallel predeposited interfacial dislocation arrays in strained layers was studied by several authors. In a two-dimensional setup, Weihnacht and Bruckner 28 used a force balance to estimate the critical stress required to propagate the gliding trailing arm of a threading dislocation to a film-substrate interface in the presence of several film-substrate predeposited parallel dislocations. However, their model consisted of infinite dislocations in a two-dimensional arrangement and included only the segment of the threading dislocation parallel to the array. They showed that the critical stress increases linearly with the inverse of spacing. Furthermore, this slope is steeper when all dislocations in the array have the same Burgers vector as that of the threader, as compared to the case when they alternate between that Burgers vector and the other Burgers vector on the same slip plane inclined at 60°. Pant et al. 29 used DD analysis to show that the glide of a threading dislocation parallel to a single pre-existing interfacial dislocation leads to hardening that increases as the spacing between the two dislocation decreases. Using an energetic approach, Embury and Hirth 1 calculated the stress needed to propagate a threading dislocation in an embedded layer having an infinite uniform array of interfacial dislocations. The authors showed that the channeling stress is inversely proportional to layer thickness h, compared to ln͑h͒ / h in the case of isolated threading. Following the analysis of Embury and Hirth, 1 Kreidler and Anderson 30 analyzed the difference between "shear" and "stretch" channeling loops in single and multiple layers. They found that at large plastic strains, the behavior is significantly different in the two cases. In the shear case, strain softening was observed in the single embedded layer case but not in the multilayer case. In an extension to the later work, Anderson and Kriedler 31 studied the properties of channeling stress based on the view that deformation in nanoscale layers proceeds by the successive propagation of single loops. For an existing array with uniform spacing , they calculated the stress needed to propagate the first loop to halve a pair in the array and the last loop to complete the array starting from one with 2 spacing. In the shear case, the softening effect is manifested in the possibility of an avalanche of such halving loops in the course of completion of the uniform array. Following a similar energetic approach as in Refs. 1 and 23, Misra et al. 10 developed a more comprehensive model to predict the strength of multilayered metallic structures. The model assumes that macroscopic yield occurs when layer-confined single dislocation loops overcome the resistance to interface crossing offered by the stress field of the interfacial dislocation arrays. It also accounts for the residual coherency stress in the case of semicoherent multilayer systems and provides a good match to the measured strength of Cu-Ni multilayers. Also Atkinson and Jain 25, 32 presented an energetic approach where the layer energy is calculated by the explicit calculation of the interaction energy between the dislocations in the array as they are successively introduced into the system at random locations.
In the spirit of Refs. 1, 10, 30, and 31, we employ an energetic approach in a three-dimensional arrangement to study the characteristics of the interaction between a threading dislocation and finite arrays of parallel interfacial dislocations in face-centered cubic ͑FCC͒ strained layers. The actual mixed character of the interacting dislocations is considered without distinction of the stretch and shear contributions to the interactions. 30, 31 Also, the effect of the relative orientation of the Burgers vectors of the interacting dislocations on the strength and nature of evolution of dislocation structure is explored. In agreement with the theories and experimental observations regarding the early stages of deformation in nanoscale layers, 1, 14, 15, 33, 34 see also Fig. 1 , we assume that the interfacial dislocations consist of dipoles, each representing the trailing "arms" deposited at the interfaces during a previous threading event. They are located at the intersection of ͕111͖ glide planes and the layer interfaces, and are perfect glide dislocations. Figure 2͑a͒ shows the problem setup. A strained layer of thickness h having a FCC structure is bound by two impenetrable walls but otherwise lies in an infinite homogenous elastic medium. The x, y, and z axes coincide with the ͓101͔, ͓101͔, and ͓010͔ crystallographic directions, respectively, with the interface normal parallel to the z axis. This ͕100͖ interface orientation is common in epitaxial multilayered coherent FCC-FCC systems and is referred to as the cube-oncube orientation. The multilayered Cu-Ni system is an example of such systems and is used a basis of comparison with the modeling results. Threading dislocations successively propagate parallel to each other on the ͑111͒ slip plane in the y direction under the effect of some applied load along the same direction. A given dislocation will only propagate if it has either the a /2͓110͔ or the a /2͓011͔ Burgers vector, which are inclined at 60°to each other. A dislocation exhibiting the other possible Burgers vector on the same plane, a /2͓101͔, would not move under the described loading. The question is how a finite array of "long" predeposited parallel dislocation dipoles affects the stress needed to propagate the next fresh threading dislocation An energetic approach based on the mutual interactions between all dislocation segments is used to estimate the channeling stress. The model has been previously detailed in Ref. 13 . The initial configuration consists of a threading dislocation segment, having a Burgers vector b threader = a /2͓011͔ and extending between the layer walls along the glide plane. The length of this segment is extended in both directions by a semi-infinite segment to ensure dislocation continuity, Fig. 2͑b͒ . Also included in the initial configuration is an array of infinitely long predeposited interfacial dipoles of Burgers vector b array , which can have one of the two possible Burgers vector on the plane mentioned earlier, Fig. 2͑a͒ . Under the effect of the layer strain, the portion of the threading dislocation in the layer starts to bow out as shown. The change of the energy of the system in the new configuration, ⌬W, is evaluated as a function of the threading length, l th . The expressions for the self-energies of individual segments and the interaction energies between different segments can be found in Ref. 35 . For a certain layer thickness h, the applied resolved stress at which the threading dislocation becomes unstable can be determined from the minimization of the Gibbs free energy ⌬G = ⌬W − bl th along with the stability condition, ‫ץ‬ 2 ⌬G / ‫ץ‬l th 2 = 0. The energy is monitored as the system evolves to the unstable configuration.
II. PROBLEM SETUP AND METHOD

III. RESULTS AND DISCUSSION
Typically, the estimation of the channeling stress in strained layers has been restricted to infinite arrays of interfacial dislocations with the threader and the array having the same Burgers vector. As a starting point, we revisit the same problem using our model along with more realistic dislocation arrangements in agreement with the physical view of how dislocations evolve in the early stages of deformation of nanoscale layers. We assume that plastic deformation has uniformly proceeded to a configuration where the dislocation spacing in the array is , and estimate the stress needed to propagate the next threading dislocation expected to occur at a position half way between neighboring dipoles, Fig. 3 . Thereafter, deformation proceeds at stress increments corresponding to the successive introduction of threaders each halving the spaced dipoles finally arriving at a uniform array of spacing /2. Figure 4 shows the convergence behavior of the calculated channeling stress as the breadth B of the array increases for a layer thickness h of 25b, where b is the magnitude of the Burgers vector. The case where both the threader and the array have the same Burgers vector is shown in Fig. 4͑a͒ , while Fig. 4͑b͒ shows the corresponding result when they are inclined at 60°. The stress is normalized by the saturation stress arrived at when B becomes sufficiently large so that the influence of any additional dislocations on the threading stress is negligible. This value is largest for the denser arrays and is approximately 300h. The observation that the denser array case converges to the infinite array case more slowly was also made by Atkinson and Jain 25, 32 in their calculations for the energy of strained layers with misfit dislocations of the same Burgers vector. The convergence characteristics are the same for the collinear and inclined Burgers vector cases although the convergence is faster in the collinear case for denser arrays. The difference in convergence rate vanishes for arrays of spacing 2h and larger. Figure 5 shows the hardening effect caused by an infinite array ͑i.e., with B large enough to ensure saturation͒ of parallel interfacial dislocations of spacing and Burgers vector collinear with that of the threading dislocation. The spacing is normalized by the layer thickness. The hardening is associated with the increased energy of the system due to the introduction of new segments of dislocation lines whose net interaction energy is positive. To explore the scaling characteristics, the channeling stress ͑resolved stress͒ in Fig. 5͑b͒ is normalized by o = o ͑h͒, the channeling stress of a single isolated threader for the same layer thickness. Figure 6 shows the actual values of o as calculated using our model for Cu with shear modulus of 38.46 GPa. Figure 5 demonstrates that interfacial dislocations can severely impede the glide of dislocation loops parallel to them and that this effect increases rapidly when the spacing of interfacial dislocations is less than two times the layer thickness. The other impor- 3 . Edge-on view of the slip planes, a threading dislocation, and a uniform finite array of predeposited dipoles at the layer wall. The threading dislocation about to propagate is the first dislocation to halve the spacing. As the process continues, an array of spacing / 2 is generated. In all calculations b threader is fixed as a /2͓011͔, while b array can be +b or +b, Fig. 2͑a͒. tant observation is that the channeling stress does not scale with the layer thickness. This can be explained by the fact that, for a given layer thickness, the current configuration energy is a function of the threading length l th , Fig. 2͑b͒ . The interaction energies among the leading segment and trailing arms and among both of them and the parallel dislocations do not scale with h. The scaling with the thickness would be true, however, in the case for the simple line tension model, which has no dependence on the threading length. The fact that the channeling stress is larger for the smaller thicknesses is physically sensible as one expects that more work is needed to cause the threading segment to break away from the stronger interactions which hold it back when the thickness is smaller. DD calculations, e.g, which are based on the explicit calculation of the Peach-Koehler force from the stress field of dislocations 36 support this result. 13 Similar to Fig. 5, Fig. 7 shows the dependence of the channeling stress on the spacing of the infinite array when the Burgers vectors of the threader and the array dipoles are inclined at 60°to each other, Fig. 2͑a͒ . Two major differences can be deduced from a comparison with the collinear results in Fig. 5 . First, the stress needed to propagate the threader is much smaller in the case of inclined Burgers vectors than that for the collinear case, particularly when the array spacing is less than two times the layer thickness; there is almost a factor of 2 difference between the two cases. This can be easily understood since, although the edge components of the threader and array are the same in both cases, yet the screw components are antiparallel in the inclined case while parallel in the collinear case. The attractive interaction between the screw components in the inclined case reduces the stress required to propagate the threader. The second notable difference is that the stress is almost constant in the range 2 Ͻ/ h Ͻ 4. This implies that, in the stage of plastic deformation corresponding to this range of array spacing, there would be an avalanche of dislocation motion that requires very little additional loading. This is effectively a form of unstable deformation.
To examine the origin of this behavior, we consider the simple system consisting of a threader and a single dislocation dipole separated by a distance l. The result is shown in Figs. 8͑a͒ and 8͑b͒ for the two extreme layer thickness considered in this work, 25b and 200b. In both cases the effect of the parallel interfacial dipole on the channeling stress is characteristically different for the collinear and inclined cases. In the inclined case, the system exhibits a distinct unstable regime when 0.5Ͻ ͑l / h͒ Ͻ 3, roughly, where the channeling stress dips. This behavior can have important implications on the evolution of the dislocation structure. Since deformation in nanoscale strained layered proceeds by the successive propagation of single dislocation loops, once a dislocation of a certain Burgers vector has propagated, then it would be easier for a dislocation having the 60°-inclined Burgers vector to be the next one to propagate in the vicinity of the first glide event. One would then expect that deformation proceeds by the successive propagation of loops of alternating Burgers vectors. This expectation is not precise because it ignores the effect other neighboring interfacial dislocations have on the threader-single interfacial dipole interaction characteristics. Other relevant considerations include the probability of existence of the right dislocation ͑easiest to propagate͒ at the right location and the other stochastic aspects of dislocation motion. Furthermore, in a real system, dislocations from different planes and/or layers can intersect at the layer interfaces and react to produce dislocations of different Burgers vector or annihilate, all of which complicate the simplified picture depicted earlier regarding the nature of evolution of dislocation structure. Nonetheless, the present result suggests that during plastic deformation a dislocation array with nonuniform spacing is more likely to evolve than a uniform one.
Another relevant conclusion regarding how close interfacial dislocations can come to each other, may be made from Fig. 8 , for the single dipole case, and from Figs. 5͑a͒ and 7͑a͒ for the case where large arrays are present. Dislocations can be more closely spaced in thicker layers, also supported by experimental observations. 37 Furthermore, the minimum spacing between dislocations increases when there are other dislocations in the interface. Such a conclusion has implications to the type and potential for short-range interactions between interfacial dislocations. Such interaction have been hypothesized to occur and to be significant in influencing the overall deformation characteristics in nanoscale multilayers. 9, 38 More detailed examination of these issues is needed.
In Fig. 9 , we plot the stress normalized by the shear modulus of the material ͑here Cu with = 38.46 GPa and b = 0.2556 nm͒ against the inverse of the spacing normalized by the Burgers vector magnitude. The plot clearly shows the characteristics of the hardening behavior. The hardening is linear only at small spacing corresponding to large inelastic strains, i.e., in the later stages of deformation. A similar ob- when dislocation loops are being propagated successively at large separations, the hardening is nonlinear as can be deduced from Fig. 9 . Figure 10 summarizes the effect of parallel dislocation interactions on the channeling stress for both the collinear and inclined Burgers vectors cases. In both cases, parallel interactions can lead to either hardening or softening depending on the relative orientation of the Burgers vectors of the threading and the interface dislocations. In all cases the interactions are stronger when the Burgers vectors are collinear. For the purpose of qualitative comparisons, Fig. 10 also overlays the measured strength of Cu-Ni cube-on-cube with ͕100͖ interface multilayered structure. 10 Besides having the same crystallographic orientation as that used in our model, this particular system departs least from our idealized single layer model because the small difference in their elastic properties allows the image effects to be neglected. The comparison suggests that the behavior of a real system can be explained based on parallel interactions over a wide thick- ness range. Based on the results presented in this article and from previous work, 13 we propose the following constitutive relation for the macroscopic stress in nanoscale layers
where l is the dislocation spacing in the interface and c 1 and c 2 are constants on the order of 10 −1 , where c 2 can be positive or negative. The first term on the right-hand side of the equation represents a structure-induced layer thickness dependent hardening, while the second is strain hardening which, to a first approximation, is dependent only on the dislocation spacing. The statistical aspects of the dislocation content of the interface and their influence of the stress are all lumped together in c 2 . As mentioned before, a more detailed discussion of such factor has to be made in view of how the dislocation content evolves during the deformation and how the dislocations react at the interfaces.
Of course, the strength saturation effect observed in real multilayered systems in the few nanometer layer thickness regime cannot be explained by either the Orowan model or that including parallel interactions. Other dislocation mechanisms, particularly those involving dislocation-interface interactions, seem to control the behavior in that regime, where atomistic calculations are the most suitable methodology.
IV. CONCLUSIONS
An energetic model based on the explicit determination of self and interaction energies between a threading dislocation and predeposited interfacial dislocations was used to study the characteristic of such interactions and their effect on the flow stress in strained nanoscale layers. The findings can be summarized as follows:
͑i͒ Parallel dislocations interactions are stronger for smaller layer thicknesses. ͑ii͒ Parallel dislocation interactions are stronger when the threading dislocation and the predeposited interfacial dislocations have collinear Burgers vectors. This suggests that the successive propagation of loops on noncollinear Burgers vectors would be energetically favored over that of uniform Burgers vector. ͑iii͒ When the threading and array dislocations have inclined Burgers vectors, an unstable deformation regime exists. ͑iv͒ Parallel interactions can lead to either hardening or softening. None of these effects can independently explain the measured dependence of strength on layer thickness in multilayered structures. The statistical aspects of the dislocation structure evolution during deformation, neglected in this study of regular arrays, needs to be considered.
